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ABSTRACT 

The establishment 0, a standard set c, constants and ephemeris 
data for trajectory and orbit determination computations is essential 
to ensure accuracy and consistency between the various NASA agencies 
and contractors participating in the space program. One of the condi- 
tions for correct comparison and use of numerical results is that the 
same set of constants and ephemeris data be used. Further, in the selec- 
tion of numerical values for the constants, recent measurements should 
be considered so that the values are near optimum, i.e., the best avail- 
able. Periodic review of the values is necessary to incorporate signifi- 
cant improvements. However, too-frequent changes are undesirable. 

The establishment, selection, and review of a NASA Standard Set 
of Constants for use in trajectory and orbit calculations has been the 
concern of several NASA engineers, namely, R. K. Squires of Goddard 
Space Flight Center, E. A. Braunlich, formerly of Marshall Space 
Flight Center, Paul Brumberg of Manned Spacecraft Center, V. C. 
Clarke, Jr., the author of the present report, and other engineers within 
NASA. In late 1960, plans were made to form an ad hoc group to adopt 
a NASA Standard Set of Constants. As a result of this activity, a set of 
constants was adopted in 1961 and reviewed, with minor changes, in 
1963. Periodic review on about a two-year basis is planned. 

This report gives the adopted values of key constants for use in 
trajectory calculations, information regarding the procurement of best 
available ephemeris data, and other work of the ad hoc group. 

1. INTRODUCTION 

The purpose of this report is to set forth the list of 
constants and related data for use in space trajectory 
computation in NASA programs. In the past, efforts 
have been made by trajectory design personnel within 
NASA to standardize a set of constants. Such efforts 
resulted in two meetings. The first meeting was held at 
Marshall Space Flight Center on May 4, 1961, and was 

attended by representatives of Goddard and Marshall 
Space Flight Centers, the Jet Propulsion Laboratory, 
Langley and Lewis Research Centers, and what was 
then the Space Task Group (now the Manned Spacecraft 
Center). The minutes of this meeting were published by 
R. K. Squires of GSFC and contain the values and 
sources of the data that were agreed on as a tentative 
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NASA standard set of constants. Although this set of 
standards has never been officially sanctioned or pub- 
lished, it has been adopted and used by JPL and by 
those contractors associated with the Ranger, Mariner, 
and Surveyor programs, which are administered by JPL. 
Again, to the best of the author’s knowledge, this set of 
constants is being used by GSFC and MSC. Thus these 
constants have been in widespread use while not being 
officially sanctioned. 

The second meeting, chaired by W. Kaula of GSFC 
and the author, was held at Goddard Space Flight Cen- 
ter on May 16, 1963. The proceedings of this meeting 
have not yet been published, but a summary memoran- 
dum of the results was issued by  E. D. Geissler of MSFC 
on May 20, 1963. The meeting resulted in agreement on 
several points: 

1. The astronomical and geodetic constants proposed 
in a document entitled Natural Environment and 
Physical Standards for Project ApolloO were adopted. 
These constants are almost identical with the con- 
stants presented in the original version of the pres- 
ent report (Ref. 1). Two exceptions were made to 
the Project Apollo document: 

a. The Earth-Moon mass ratio is to have the value 
81.3015 as opposed to the 81.35 used in the Proj- 
ect Apollo document. This improved value is 
based on data obtained from the flight of Mari- 
ner 2 (Ref. 2). 

b. The radius of the Earth for use in the geopoten- 
tial function was changed from 6378166 meters 
to 6378165 meters. This slight change was made 
in order to agree with the Earth model estab- 
lished by W. Kaula at the May 1961 NASA Com- 
mittee meeting and reaffirmed at the May 1963 
meeting. 

*Issued by the Office of Manned Space Flight, preliminary docu- 
ment M-DE-8020.008. 

2. The geometric model of the Earth to be used is the 
World Geodetic System, also known as the Astro- 
geodetic World Datum (Ref. 3). 

3. Data to be published by JPL under the title 
“Ephemeris Tape System” will be used for the 
ephemerides. Details of the contefit of this system 
are given in Section V of this report. 

4. A committee chaired by W. Kaula of GSFC was 
formed to study the determination and standardiza- 
tion of tracking station positions. Recommendations 
of this committee are given in an appendix. 

For those interested in adopting this set of constants, 
it should be noted that their chief qualification is stand- 
ardization. However, a real attempt was made to select a 
set which might be termed the ‘best available at the 
time.” The plain truth, especially with regard to lunar 
and planetary constants, is that there is a fair degree of 
uncertainty as to their values, and different experimenters 
have determined values of the same constant which some- 
times differ widely. Fortunately, a fair activity is at pres- 
ent being stimulated within NASA to make new and 
better determinations of these constants. One such activ- 
ity was the recent precise determination (Ref. 4) of the 
astronomical unit by JPL using the Goldstone Tracking 
Station. The results of that determination are reflected 
below in that the value given is based on the data reduc- 
tion as of May 31, 1961. The reported (and more final) 
value as of March 8, 1962, is 1 au = 149,598,845 +250 
km, which is only slightly different from the *‘standard- 
ized  value given below. 

In the area of lunar and planetary ephemerides, an 
intense effort is being conducted at JPL by P. Peabody, 
D. Holdridge, and N. Block, in cooperation with the 
Nautical Almanac Office, to improve the quality of the 
ephemerides. Already significant improvements in both 
position and velocity ephemerides have been made by 
these workers, as discussed in Section V. 

2 
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II. EARTH CONSTANTS 

A. Potential Function 

The potential function of the Earth is expressed by 

* ( R , + )  = - GME R [ 1 + ~ ( 1 - 3 s i n 2 + )  

(3 -5sinZ+)sin+ 
I s  Ri +-- 
2 R3 

1 4  R: 
8 R4 1 (3 - 30 sin2 + + 35 sin4 +) --- 

or by 

HR: + - (3 - 5 sin2 +) sin + 
5R3 

1 D R: 
35 R4 

+-- (3 - 30 sinZ + + 35 sin' +) 

where (Ref. 5) 

CME = 3.986032 (+O.ooOo30) X lo5 km3/sec2 

RE = equatorial Earth radius 

= 6378.165 (kO.025) km 

R = geocentric radius 

+ = geocentric latitude 

1 2  = 1082.30 (k0.2) X lo-' 
J 3  = -2.3 (zkO.1) X 

J4 = -1.8 (k0.2) X le6 

For the I, D, H form of the potential, we have 

3 
2 

1 = -1, = 1.62345 (kO.OOO30) X le3 

5 
H = -la 2 = -0.575 (+O.OZS) x 1 0 - 5  

35 
8 

D = - -I4 = 0.7875 (k0.0875) X 

The values of GME, 1, and R E  are consistent with the 
values of the geodetic parameters of flattening f and 
gravity g,, 

f = 1/298.30 

g, = 0.00978030 km/sec2 

The values of R E ,  f ,  and g, are consistent with those 
specified in the Department of Defense (DOD) World 
Geodetic System 1960. 

6. Geometric Form 

World Datum of Irene Fischer (Ref. 3). 
The geometric form of the Earth is the Astrogeodetic 

f = flattening 

= U298.3 

RB = equatorial Earth radius 

= 6378.166 km 

C. Rotation Rate 

The Earth's rotation rate ( ' J ~  is given by 

deg/sec 
360 

86164.09892 + 0.00164T - 
('JE - 

where T is the number of Julian centuries of 365.25 days 
from 1900 Jan 0.5 UT (Julian date = 2415020.0). For the 
year 1963, 

('JE = 4.1780742 X deg/sec 

3 
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D. Atmospheric Model 

The reference atmosphere for boost vehicle trajectory 
calculations for launches from Cape Kennedy, Florida, 
is given in Refs. 6, 7, and 8. Intensive studies of this 
subject have been conducted by 0. E. Smith of MSFC. 

E. Miscellaneous Consfants 
Miscellaneous constants are defined as follows: 

1. Conversion Factors. The National Bureau of Stand- 
ards chart reproduced in Fig. 1 gives the necessary 
conversion factors between the English and metric 
systems. 

2. Velocity of Light. The velocity of light c (Ref. 9) 
in a vacuum is based on the determination of 
Froome: 

c = 2997925km/sec 

3. Ephemeris-Universal Time Reduction. The rela- 
tion between Ephemeris Time (ET) and Universal 
Time (UT) is given in Ref. 10. For 1963, the differ- 
ence is 

111. LUNAR CONSTANTS 

A. Potential Function 

The potential function of the Moon is expressed by 

1 A + B + C - 31 
2R2M, @(KI*,N = 7 GMm ['+ 

or by 

where 

R = selenocentric radius 

p = selenographic latitude 

A = selenographic longitude 

and where 

Earth-Moon mass ratio (Ref. 2) 

MJM, = 81.3015 (-C0.0033) 

GM, = 4.9027779 X los l&na/sec2 

Mean lunar radius R,,, = 1738.09 km 

Moments of inertia about principal axis 

A = 0.88781798 X los5 kg mf 

B = 0.88800195 X lP5 kg mz 

C = 0.88836978 X lP6 kg m' 

which values were calculated from the values 
u = 1738.57 km, b = 1738.21 km, c = 1737.49 km, taken 
from Ref. 11 using 

A =- Mm (b2 + cz) 
5 

Nu 
5 

C = - (u' + b') 

4 
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where B. Selenographic Coordinates 

lli, 
81.3015 M ,  = 

and 

M E  = 5.975 X lo2' gm 

and where 

The constants J and L are defined by 

The formulas and expressions for computing the trans- 
formations to selenographic coordinates are given in 
Ref. 12. It should be noted, however, that the formulas 
for the nutation in longitude and obliquity given in this 
reference do not apply. Better expressions for these quan- 
tities are given by Woolard (Ref. 13). 

C. Earth Radii/Kilometer Conversion factor 
for the Lunar Ephemeris 

It is important to note (Ref. 14) that the value (in km) 
of the Ea& radius to be'used for converting the' Lunar 
Ephemeris from Earth radii to kilometers is not the 
actual radius of the Earth as given in Section I. Rather, 

aZ + b2 - 2c2 

R: 

= 0.oO031066 
- 

an artificial value, b, must be used which is calculated 
from the formula 

b = 86.315745 (GMn + GMm)l/S 

= 0.000062148 = 6378.3255 km 

Preceding page blank 7 
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IV. PLANETARY CONSTANTS 

Maas ratio 
Ma/Mpl.w~ I Planot 

A. Astronomical Unit B. Mass Ratios and Gravitational Constants 

Gravitational conatant 
GMm au'/day' 

The astronomical unit adopted is 

1 au = 149.599000 X lo6 km 

The mass ratios and gravitational constants are given 
in Table 1. The gravitational constants were computed 
using the Gaussian constant and the Sun-to-planet mass 
ratios from 

Table 1. Planetary mass ratios and gravitational constants 

I I 

Sun 

Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn 

Uranus 

Neptuno 

Pluto 

1 

612oooO 

408539.5 

332951.3 

3088000 

1047.39 

3500 

22869 

18889 

4ooOOO 

2.959122083 X lo-' 
4.835167 X lo-" 
7.2431725 X lo-'' 
8.887552 X lo-"' 
9.582649 X lo-" 
2.825234 X 

8.454635 x loJ 
1.293945 X lo-' 
1.566585 X lo-' 
7.397895 X lo-" 

Gravitational conatant 
GMm km'/rc' 

1.32715445 X 10" 

2.168553 X 10' 

3.2485340 X loo 
3.986032 X 10' 

4.197700 X 10' 

1.267106 X 10' 

3.791870 X 10' 

5.803292 X 10' 

7.026072 X 10' 

3.317886 X 10' 

Rokronco 

Robe, 1950 (Ref. 15) 

Anderron, Null, 1963 (Ref. 2) 

Kaula, 1961 (adopted) 

Clemoncm, Brouwor, 1955 (Rof. 16) 

Clomonco, Brouwer, 1955 (Rof. 16) 

Bakor, 1961 (adoptod) 

Clemonco, Brouwor, 1957 

Biosbro.ck, 1957 

Rob. 

V. LUNAR AND PLANETARY EPHEMERIDES* 

A. Ephemeris Tape System 
A new set of magnetic tapes carrying ephemeris data 

in the form of positions and velocities of the planets and 
the Moon and the nutations in longitude and obliquity 
has been developed at JPL, superseding the ephemeris 
tapes described in Ref. 1, Part V. 

*This section was written by P. Peabody of the JPL Computer 
Applications and Data Systems Section. 

8 

However, the data contained in these tapes cannot be 
considered final in view of the many current investiga- 
tions into the theories of the motion of the planets and 
the Moon. Accordingly, the procedures, computer pro- 
grams, and archives of ephemeris data, as preserved on 
other magnetic tapes which were used in developing the 
new ephemeris tapes, have been collected into an opera- 
tional system which will permit issuing updated ephem- 
erides whenever such a new issue is desirable and 
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feasible. This system is called the JPL Ephemeris Tape 
System. The tapes developed under this system are 
called JPL Ephemeris Tapes. 

Special attention has been given to the problems of 
identifying and documenting all aspects of ephemeris 
data acquisition and processing and insuring the accu- 
racy thereof. The system is described in detail in Ref. 17. 
Its principal features are the following: 

1. Ephemeris data is acquired or generated from the 
best available sources. In most cases this procedure 
has required new evaluations of basic source the- 
ories, with the application of corrections wherever 
they are known. These new evaluations have been 
preserved on magnetic tapes and constitute the 
source tape library of the ephemeris system. The 
current contents of the source tape library are de- 
scribed in Section V-B. 

2. Velocity as well as position data is provided, where 
this data is obtained from a numerical integration 
of the equations of motion, with orbital parameters 
chosen so as to give the least squares fit to source 
positions. Thus, position and velocity are gravita- 
tionally interconsistent. The orbit fitting program 
together with some results obtained is described in 
Section V-C. Fitted position-velocity data has been 
generated for all bodies except Mercury and the 
Moon. Velocities for these bodies are also provided 
for the sake of compatibility and have been derived 
by numerical differentiation. 

3. Complete data is provided over the time interval 
1950 to 2000 for all planets and the Moon. The data 
is thus more extensive than probably required for 
any particular problem. On the other hand, it is no 
longer necessary to generate special ephemeris tapes 
for special jobs. Actually, it is possible to extend the 
interval over which the ephemeris data is provided 
to times prior to 1950 and after 2000. In fact, some 
of the source theory evaluations have already been 
so extended. 

Items available to users of the JPL Ephemeris Tapes 
will be the report defining their usage (Ref. 17), an IBM 
7094 subroutine EPHEM for interpolating in the tapes, 
and a sequence of sets of JPL Ephemeris Tapes, each 
set having its own identifying document. Each set com- 
prises three tapes collectively spanning the years 1950- 
2000, with overlaps of data between tapes. The tape 
format is described in Ref. 17 as well as in each ephem- 
eris tape document. The data is presented in IBM 7094 

double-precision floating point, except for nutations, 
which are in single precision. 

The contents of the first set of JPL Ephemeris Tapes 
are defined in Table 2. The second set is obtained from 
the first by replacing the positions and velocities of all 
bodies except Mercury and the Moon by fitted data. The 
first set provided the necessary connection to previously 
published ephemerides. The second set will be the stand- 
ard in use at JPL for some time. 

Table 2. Contents of JPL Ephemeris Taper 

First H( 

lunar positions, 
nutations 

Mercury positions 

Venus positions 

Earth-Moon 
barycenter 
positions 

Mars positions 

Outer planets 

Reference 

Brown's Improved Lunar Theory, 
DP 7094 evaluation by N. Block 

Newcomb's Theory with Clemence'r 
Corrections, DP 7094 evaluation 
by N. Block 

Newcomb's Theory with Duncombe's 
Corrections, DP 7094 evaluation 
by N. Block 

Newcomb's Theory with Duncombe's 
Corrections, DP 7094 evaluation 
by N. Block 

Hansan-Clemence Provisional 
Theory, cards generated from 
SP programs at USNO 

SSEC numericol integration, tran- 
scribed to'lhemis tope at  law- 
rence Rodiation laboratory, 
edited at JPL, with corrections 
for inner planets using DP 7094 
program developed by N. Black 

Note: All velocities and nutation rater obtained by numerical differen- 
tiation. DP double-precision; SP = single precision. 

Second set 

lunar positions, velocities; nutations and rates; Mercury positions 
and velocities identical to first set. 

All other bodies with position and velocity taken from numerical 
integration least squares fit to the aource positions of JPL Ephemeris 
Topes, Set 1, over 50-year arcs. 

B. Source Position and Nutation Data 

Input to the JPL Ephemeris System consists of predic- 
tions of the positions of the planets and the Moon and the 
nutations in longitude and obliquity. The positions of the 

9 
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planets are referred to the heliocentric rectangular coor- 
dinate system of the mean equator and equinox of 1950.0 
= JD 2433282.423 and measured in au. The positions of 
the Moon are referred to the geocentric coordinate sys- 
tem of the same equator and equinox and measured in 
units commonly called “Earth radii.” 

The lunar positions and the nutations were obtained 
via an IBM 7094 computer program, developed by N. 
Block of JPL, which evaluates the Brown Improved 
Lunar Theory (not the tables) in double-precision. The 
program description and tabulations of the data are 
given in Ref. 18. This evaluation will constitute the 
source of the data published by the Nautical Almanac 
Office of the British Naval Observatory as the official 
lunar position predictions. 

The coordinates of Mercury, Venus, and the Earth- 
Moon barycenter were obtained via IBM 7094 computer 
programs, also developed by N. Block, which evaluate 
the Newcomb theories in double-precision. The programs 
are described in Ref. 19. These programs admit the ap- 
plication of corrections to the mean elements in the form 
A + Bt. The various source tapes so far generated are: 

Mercury: Newcomb‘s Theory, no corrections (Ref. u)). 
Newcomb’s Theory, with corrections deduced by G. 
Clemence (Ref. 21). 

Venus: Newcomb‘s Theory, no corrections (Ref. 22). 
Newcomb’s Theory, with corrections deduced by R. 
Duncombe (Ref. 23). 

Earth-Moon Barycenter: Newcomb’s Theory, no correc- 
tions (Ref. 24). Newcomb‘s Theory, with corrections 
deduced by R. Duncombe (Ref. 23). Newcomb‘s 
Theory, with the correction of 4!’78t to the mean 
longitude as applied by P. Herget (Ref. 24). 

In addition to these new evaluations, which are the 
preferred source position data, the data carried on the 
Themis tapes, which were developed by the Lawrence 
Radiation Laboratory and used in previous development 
of the STL-JPL Ephemeris Tapes and the Ephemerides 
for the JPL Space Trajectories Program as described in 
Ref. 1, has been edited and preserved in the source tape 
library. 

The coordinates of Mars were obtained on cards from 
the U. S. Naval Observatory as evaluations of Clemence’s 
third-order Hansen theory, with provisional values of the 
elements (Ref. 25). 

1 0  

The coordinates of the outer planets were taken from 
the Themis tapes and were obtained originally as the 
SSEC numerical integration of the motion of the five 
outer planets (Ref. 26). These coordinates are preserved 
in the source tape library. In addition, the corrections 
worked out by Clemence in order to refer the coordinates 
to heliocentric (Ref. 27) were applied by an IBM 7094 
computer program developed by N. Block and also pre- 
served. The latter data is the source data preferred for 
the JPL Ephemeris Tapes. 

C. fitted Position cmd Velocity 

The procedures for fitting the position-velocity ephem- 
eris obtained from a numerical integration to source 
position predictions were developed according to the 
experience acquired in generating the Venus and Earth- 
Moon barycenter fits used in the JPL Space Trajectories 
Program ephemeris and described in Ref. 28. These pro- 
cedures were incorporated into an IBM 7094 computer 
program (PLOD) by J. Devine of JPL. 

The equations of motion are integrated in a heliocen- 
tric equatorial reference frame, using Cowell’s method in 
summed form, and retaining eighth differences. All com- 
putations are carried to double-precision. In all cases the 
range of integration includes many sidereal periods of 
the planets, and the integration step size is chosen so as 
to insure &place accuracy in the calculated positions. 

The fitting procedure is a standard regression scheme 
which calculates and applies differential corrections to 
orbital elements until no further significant decrease in 
the sums of squared residuals can be obtained. 

The orbital elements are taken to be the osculating 
elliptic ecliptic Keplerian elements of the starling epoch, 
except that argument of perihelion is replaced by 
longitude of perihelion to avoid difficulty with zero 
inclination, as is encountered in fitting the Earth-Moon 
barycenter. This choice of parameters for defining the 
motion gives better separation than does position and 
velocity at epoch or equatorial elliptic elements. 

The residuals are taken in ecliptic latitude and longi- 
tude so as to remove the apparent inconsistency between 
the scale and the period of the source theories, as indi- 
cated by the periodic components in the residuals in 
latitude and longitude as plotted in Ref. 28. These peri- 
odic components are, of course, st i I I  present in the radius 
vector and therefore in the residuals in rectangular co- 
ordinates. 
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APPENDIX 
Standards for Geodetic Location of Tracking Stations 

The following material was originally presented as a memorandum from W. M. 
Kaula (GSFC) to the NASA Earth and Lunar Model Committee at the Confer- 
ence on Astronomical and Geodetic Constants held at GSFC on May 16, 1963. 

MEMORANDUM DATE: June 20, 1963 

T O  

FROM: W. M. a u l a  

SUBJECT: Standards for  Geodetic Location of Tracking Stations 

NASA Ear th  and Lunar Model Committee 

1. Reference: 

Memo, M F C ,  “Conference on Astronomical and Geodetic Constants 

(Ea r th  and Lunar Models) held at GSFC on May 16, 1963, ’’ dtd. May 20, 
1963, Par. 2. 

2. Purposes:  

a .  To recommend s tandards for  the measurement ,  com- 
putation, and documentation of tracking station positions. 

To furnish guidance as to the means of accomplishing 

geodetic location. 

To recommend the information regarding tracking 

station position which should be provided to u s e r s  of 

tracking data. 

To furnish guidance to evaluate accu racy  of geodetic 

positions. 

b. 

c .  

d .  

3 .  Survey of Tracking Station Posit ions:  

a.  Information a s  to the below listed i t ems  should always be sought 

f rom the Director,  U. S. Coast and Geodetic Survey, Washington 25, D. C . ,  

for  stations within the U. S., and f r o m  the Commanding Officer,  U. S. 
Army Map Service,  Washington 25, D. C . ,  for  stations outside the U. S. 

(1 )  Location and description of the nea res t  geodetic con- 

t rol  points, horizontal and vertical, to the tracking station. 

( 2 )  The recommended method to obtain the position of the 

tracking station with respect  to the nea res t  geodetic control points within 

*5 mete r s .  

( 3 )  
o r  to furnish fur ther  information. 

The recommended agencies to accomplish the survey, 

b. If the tracking station is of high accuracy (i. e . ,  d i rect ions within 

i 3 “ ,  o r  ranges within t25 meters ,  o r  velocit ies within *10 cm/sec) ,  i t  is 

worthwhile to connect it by triangulation o r  t r a v e r s e  to geodetic control 

- 1 -  
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points up to 150 miles away. 

i. e . ,  overland for distances less  than a few tens of miles--will be a two- 

way traverse using a tellurometer for the distances and a Wild T-2  

theodolite for horizontal and vertical angles. In addition, an astronomic 
azimuth should be observed a t  the station with the theodolite. 

The normal method of survey connection-- 

c. If the tracking station is not within 150 mi les  of geodetic control, 
Such an  astronomic position and azimuth should be observed with a T-2. 

locations will normally be near the sea; the elevation above sea level 

should be obtained by leveling o r  carefully controlled barometric altimetry. 

If the location i s  a small  island, astronomic positions should be observed 

on opposite sides,  connections made by t r ave r se  to the tracking stations, 
and the mean of the two positions thus obtained taken as the station's posi- 

tion. 

4. Computation of Tracking Station Position: 

A standard method prescr ibed  in U. S. C. and G. S. and A. M. S. 
manuals should be used to calculate latitude and longitude (geodetic o r  

astronomic) and elevation above sea level. 
for a station connected to a geodetic control system, the height must  be 

taken from a geoid map calculated f rom astro-geodetic data (not gravi- 

metric) on the same datum and ellipsoid a s  was used to calculate the 

station latitude and longitude. 

observations, a gravimetric geoid height may be used. ) 

If the geoid height i s  calculated 

( F o r  a station position based on astronomic 

Rectangular coordinates (u, v, w) referred to axes in the direction 

(Oo, O D ) ,  (0". 90'E). (90"N) should be calculated by: 

ae = semimajor axis  of reference ellipsoid 
f = flattening of reference ellipsoid 
+ = geodetic latitude 

A = longitude 
h = elevation above sea level 

N = geoid height 

e2 = 2f - f 2  
v = a (1 - e 2 sin . 2 +) -1/2 

w = [ ( l  - e  2 ) v t h t N)] s in+  

u = ( V  t h t N) C O S +  cosA 

v = - ( V  t h t N) COS$ sinA 

- 2 -  
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Datum shifts a r e  preferably expressed as translations in 
rectangular coordinates Au, Av, Aw. This manner of expression 

eliminates the ambiguity which can occur in expressing a datum shift in 

geodetic coordinates concurrent with a change of reference ellipsoid 
dimensions (i. e., given A+, AA, AN, Aae, Af, do the A+, AX. AN reflect  

only the change due to Au. Av, Aw, o r  do they a l so  include the effect of 

Aae, Af?)  

than 5 km can be expressed quite accurately by simple differentials of 

equations (1 ) through (5). 

The relationships between corrections amounting to shifts of l e s s  

Rectangular coordinates for  station positions based on astronomic 

observations should be calculated using an a 
an  f of 1/298.30. 

5. 

of 6378165 ( o r  6) me te r s  and 

Documentation of Tracking Station Position: 

a. The following information should be provided in the station position 
description. The enclosed example "SECOR SITE NEW HAVEN, INDIANA" 

(Encl 1 )  includes i tems (1)-(9), (11)-(13) on the list: 

Date records received at office of record. 

General description of survey. 
Instrumentation and method of observation. 

All misclosures and other indicators of accuracy. 

Datum and ellipsoid on which computations were  

performed. 

Location of description, computations, and field 

records.  
A sketch map of the survey. 

Geodetic latitude and longitude (4, X) of station. 

Name and date of datum; if nonstandard, plus reference 

to publication o r  other source. 
Semimajor axis and flattening of ellipsoid. 

Elevation above sea level, h. 

Sketch and verbal description of station location. 

Azimuths and distances to adjacent control stations. 
Geoid height (N). if available. 

Description of geoid height calculation, including full 

reference to any publication used. 

- 3  - 
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Astronomic latitude and longitude of the station, o r  any 

other directions used for referr ing altitude -and-azimuth 

or  direction cosine measurements.  

Rectangular coordinates (u, v, w )  of the station, based 

on i tems (8), (9), (1 0 ) ,  ( 1  1 ), and (1 4) above. 
Shifts (Au, Av, Aw) to other datums, i f  available, 

including the names of the other datums and full 

reference to the publications o r  documents from which 

the shifts were  obtained o r  a description of how the 

shifts were calculated. 

Number of the station in any system in which it has 

been numbered, such a s  the COSPAR sys tem ( see  

COSPAR Information Bull. No. 10, Aug. 1962, and 

also S A 0  Spec. Rep. N o .  69, July 1961), or  the AFCRL 

system ( see  AFCRL Operational Plan for Project  ANNA, 

September 1962). 

b. Remarks  

(1) If uncertainties have been estimated for any of the coordinates o r  
shifts in i tems (8), (14), (17), o r  (18) above, they may be included in the 
station description provided that there  is a careful statement of what the 

uncertainties are-- i .  e . ,  with respect to the nearest  geodetic control 

(usually on the order  of *2 mete r s ) ,  o r  to the origin of the geodetic datum 

(from i5 to i25 meters) ,  o r  to the Earth's center of m a s s  ( f rom i25 to i300 
meters) .  

( 2 )  Range and range rate  observations should always be corrected to 
r e fe r  to the fixed point to which the coordinates (8), (14), (17). o r  (18) 
apply; i f  the electronic measurement is made to a point which moves 

around appreciably (as, e. g., on the large Goldstone dish), this co r rec -  

tion should be applied by the observing agency and not left to the user .  

(3)  It should always be clearly designated what reference axes a r e  
used to refer  published altitude-and-azimuth o r  direction cosine measu re -  

ments: the astronomic latitude and longitude o r  the geodetic latitude and 

longitudes. 

(4) The number of the station in i tem ( 1  9 )  above should be changed i f  
the station is shifted more  than 5 meters .  
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(5)  It is desirable that all stations be numbered in the largest  sys tem 
This sys tem i s  maintained by thereof extant--i. e . ,  the COSPAR system. 

Dr. B. G. Pressey ,  Radio Research Center, Slough, England. P a r t  I, 
Optical Stations, was published in 1962; Part 11, Radio Stations, will be 

published shortly. 

(6)  In any list o r  other abbreviated description of tracking stations in 
any system, the minimum information provided should include i tems (6). 

(8), (9), (10). (11). (14), (17), and (19) of the full description. I tem (18) 

should also be given i f  the station position is not referred to a standard 

geodetic datum (e. g., NAD 1927). 

6 .  Evaluation of Tracking Station Position Accuracy. 

a. The remarks  on pages 2 - 6  of Enclosure B to the Minutes of the 

NASA Ear th  Model meeting May 4, 1961 (Encl 2) st i l l  apply. 

the r emarks  a t  the top of page 4 apply to the manner of location of the 

Goldstone radar:  being in a mountainous area,  its astronomic position 

would have an  uncertainty on the o rde r  of *350 mete r s ,  and the device of 

matching slopes with the geoid map would at best  remove the i170  me te r s  

"continental" part ,  leaving about 

In particular,  

Jn = i 3 0 0  me te r s  

b. Indications of datum position accuracy obtained f rom satellite 

tracking. 
f rom Baker-Nunn camera observations of five satell i tes ranging f rom 33 

to 96 deg in inclination: 

The following shifts f rom NASA 702 positions were obtained 

- 5 -  
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Arne r ica s 

Europe -Africa- 
Siberia -India 

Japan-Korea- 
Manchuria 

Australia 

Argentina 

Hawaii 

Au 

Av 

Aw 

Au 

Av 

Aw 

Au 

Av 

Aw 

Au 

Av 

Aw 

Au 

Av 

Aw 

Au 

Av 

Aw 

Shift 
Meters 

-24 

-33 

-2 

t37 

-57 

t12 

- 57 

t60 

+lo 

-110 

t33 

t67 

t244 

-1 5 

t36 

-26 

t59 

-290 

ulNASA TN 702) 
Meters 

i26 

22 

22 

23 

29 

23 

40 

53 

40 

75 

90 

35 

180 

160 

160 

140 

230 

*230 

?he u ' s  suggested in Enclosure 2 thus seem to be only slightly on the l o w  
ide. 

- 6 -  
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The uncertainties of the shifts obtained f rom satell i tes indicated by 

the scat ter  of solutions f rom different orbits ranged f rom *4 to *23 meters ;  
more  realist ic values based on comparison of the geometric geoid heights 

resulting and the gravitational geoid heights would be *30 mete r s  for the 

major triangulation sys tems and *60 m e t e r s  for  the isolated stations. 

Accuracy of connection between stations within geodetic datums was checked 

by solutions in which the stations in South America and South Africa were  

assumed to be on different datums than the stations in the northern hemi- 

sphere connected to the same geodetic system. 

shifted 24 mete r s  and the South African station shifted 14 mete r s  with 

respect  to the northern hemisphere datums. 

The South American station 

c .  Definition of a datum. There  seems  to  be some confusion between 

two separate mat ters ,  geodetic datum and ellipsoid specifications. We 
propose as the definition of a datum: 

"A location with respect to a geocentric coordinate 

origin of a se t  of points fixed to the Ea r th  and all 

located relative to  each other by geodetic triangulation, 
trilateration, and t raverse .  It 

The location can be expressed in any s o r t  of coordinates --rectangular, 

cylindrical, spherical, o r  "geodetic": latitude, longitude, and height 
referred to an  ellipsoid of specified dimensions. 

systems I know of, the coordinate origin i s  defined a s  the Earth 's  center 

of mass ,  either explicitly o r  implicitly, by making the geodetic -to -inertial 

transformation as a pure rotation and by not having a first-degree harmonic 

in the geopotential expression. 

relationship in position between the points constituting the system be through 

triangulation, trilateration, and t r ave r se  ( ra ther  than through gravimetry 

o r  astronomy) is that thereby the e r r o r s  in relative position should be 

appreciably l e s s  than their common e r r o r  in position with respect to the 

Earth 's  center of mass .  

involved i s  intermediate in magnitude between these two e r r o r s ,  a l l  stations 
on the same datum can be considered a s  translating together. 

In all orbit computing 

The significance of specifying that the 

Hence for applications where the accuracy 

Of course, stations not connected by triangulation, trilateration, 

and t r ave r se  should never be considered as being put on the same datum 

mere ly  by referring their  positions to  ellipsoids of the same dimension. 

- 7  - 
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On the other hand, there  often will exist cases  where stations which 

a r e  connected by geodetic control do not have their positions referred to the 

same datum. 
stated by a reliable source in an  unequivocal form such as Au, Av, Aw, i t  
i s  advisable to consult the Department of Geodesy, Army Map Service. 

Such consultation is particularly advisable i f  the stations a r e  more  than 

about 2000 km apart. 
dimensions, neglecting the scale correction required by the difference 

between geoid and ellipsoid. 

generally made in a two-dimensional manner. 

dimension makes little difference for distances l e s s  than about 2000 km. 

At greater distances, the e r r o r s  due to this neglect will mount rapidly, 

s o  that the shape of the geoid must be calculated from deflections of the 

vertical and the appropriate "Molodenskii corrections" applied to the 

calculated positions. 

7. 

If the difference in position between the two datums is not 

Geodetic control i s  generally calculated in two 

Datum shifts covering limited a r e a s  a r e  

The neglect of the third 

Comments on Published Listing of Tracking Station Positions: 

a. SA0  Spec. Pub. 59, 1961: The Position of the Baker -Nunn 

Camera Stations. 

i s  correct and unambiguous, and should be understood af ter  r e fe r r a l  to 

p. 101 of Smithsonian Contributions to Astrophysics (Vol. 3, no. 9). 
However, the description is incomplete in that it fails to give the coordinates 

of the datum origins o r  the specifications of the reference ellipsoids, so 
the reader cannot duplicate the computations. Also, the resul ts  a r e  far 

f rom the best  attainable because the ellipsoid and the deflections of the 

vertical used a r e  obsolete. The list of station positions is defective in 

that the datums a r e  not specified. Items ( l ) ,  (2), (3) ,  (4), (6). (7), (12), 
(13). (16) of the tracking station description in Par. 5a above a r e  not 
given, nor is it stated whether they a r e  available. 

The description of the datum transformations applied 

b. JHU -APL SRA-179, 1962: Transi t  P r o g r a m  Station Locations. 

Stations which a r e  not connected by geodetic survey a r e  l isted a s  being on 

the same datum (e. g., Australia and England); it is pointless to say that 
they are  on the same datum with an accuracy of * B O O  mete r s ,  since a 

better accuracy with reference 'to the Ea r th ' s  center of m a s s  can often be 

attained. 

The specifications of the reference ellipsoids a r e  not given. 
The definition of the coordinate accuracies  given is not clear.  

The method 

- a -  
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and the numerical  parameters  involved in the shift to the APL reference 

sys tem a r e  not given. Items (11, (21, (31,  (4), (51, (61, (71, ( l o ) ,  (12). 
(13), (15), (16), and (18) of the tracking station description in Par. 5a 

above a r e  not given, nor is it stated whether they a r e  available. 

c. NASA-OMSF Prog. Dir. M-DE 8020.008, 1963: Natural 

Environment and Physical Standards for Project  Apollo. 

on page 31 is co r rec t  and unambiguous. 

that Ita geocentric coordinate system" is not a united datum. 

of the method of datum transformation, the pa rame te r s  involved, and 

estimates of accuracy a r e  entirely lacking. 
given a r e  adequate in place of rectangular coordinates, but the station l i s t  

lacks the geodetic latitude and longitude, elevation, datum and a number 

for each station, and the address f rom which further detailed information-- 

i tems (1)  through (16) and (18) of Par. Sa--can be obtained. 

8. 

NASA HQ; Goddard SFC; JPL;  Manned SC, Houston; Marshall  SFC; 
Smithsonian AO; STL; Aerospace; APL; USNWL, Dahlgren; ACIC, 

St. Louis; AFCRL; USC and GS; Army Map Service. 

The information 

It perhaps might be emphasized 
A description 

The spherical  coordinates 

Recommended Representation on Tracking Station Committee: 

W. M. Kaula 

- 9 -  
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Enclosure 1 

SECOR SITE 
NEW HAVEN, INDIANA 

P.O. 64123-001 
29 Nov 1961 

The f o l l w i n g  is a d e s c r i p t i o n  and e v a l u a t i o n  of a su rvey  f o r  t h e  
S c c o r  S i t e  a t  N e w  HPven, I n d i a n a .  

F i e ld  Records f o r  e s t a b l i s h i n g  permanent ly  marked h o r i z o n t a l  and 
v e r t i c a l  c o n t r o l  s t a t i o n s  a t  New Haven, Ind iana  were rece ived  a t  t h e  
Americas D i v i s i o n  15 November 1961. 

The su rvey  c o n s i s t e d  of a t e l l u r o m e t e r  t r a v e r s e  o r i g i n a t i n g  on 
Second O r d e r  USCBGrS t r i a n g u l a t i o n  s t a t i o n  'h4WKINS" 1947, runiiing w e s t  
t o  "CASAD WEST" AMs 1961 and l o o p i n g  back to Dawkins USCffiS 1947. From 
"Casad West" tel lurometer l e n g t h s  w e r e  measured t o  "Casad" AMS 1961 and 
"Casad East"  ANS 1961. 

Hor i zon ta l  Angles  and Z e n i t h  D i s t a n c e s  were observed w i t h  a Wild T-2 
Theodo l i t e .  
Leng ths  c o n s i s t e d  of 12 f i n e  r e a d i n g s  and a check  measurement from an off- 
set  s t a t i o n .  The l e n g t h s  a p p e a r  to have 2nd order T r a v e r s e  Accuracy. 

Angular  closure of t h e  4 s t a t i o n  t r a v e r s e  was 00:'04. Tel lu romete r  

The s t a r t i n g  az imuth  f o r  t h e  t r a v e r s e  w a s  'b4WKINS" to  "MWKINS AZIMUTH 
MARK". It is assumed that t h i s  pub l i shed  az imuth  is w i t h i n  1 second of t h e  
t r u e  Geodet ic  Azimuth. An a n g u l a r  check  from the az imuth  mark to a t r i a n g u -  
l a t i o n  s t a t i o n  was no t  made. The traverse c l o s u r e  ra t io  was 1 ~ 4 4 , 9 4 0  w i t h  
a l i n e a r  e r r o r  o f  0 .295 meters. 
w i l l  probably be w i t h i n  0.3 meters i n  r e l a t i o n  t o  t h e  second o r d e r  c o n t r o l  
i n  t h e  area. The s m a l l  t r i a n g l e  formed by "Casad West", "Casad" and "Casad 
E a s t "  had a c l o s u r e  of  01:'68 and w a s  a d j u s t e d  by least s q u a r e  method h o l d i n g  
t h e  t w o  t e l l u r o m e t e r  l e n g t h s  f i x e d .  The a n g l e s  from t h e  t h r e e  s t a t i o n s  to  
t h e  common az imuth  mark w e r e  s i m i l a r l y  a d j u s t e d .  The r e s u l t i n g  p o s i t i o n  
of "Casad" and "Casad Bas t "  w i l l  be w i t h i n  0 . 4  meter i n  r e l a t i o n  to t h e  
second-order c o n t r o l  i n  t h e  area. Computations w e r e  performed on t h e  C l a r k  
1866 Spheroid,  1927 North American Datum. 

The e l e v a t i o n s  of s t a t i o n s  "Casad", "Casad West" and "Casad East" 

The r e s u l t i n g  p o s i t i o n  of "Casad West" 

were determined by 4 t h  order l e v e l i n g  from UScBrGS F i r s t  Orde r  BM K - 1 5 .  
Tho l o o p  c l o s u r e  w a s  0 .10 f t .  The e l e v a t i o n  of e a c h  of t h e  t h r e e  s t a t i o n s  
e s t a b l i s h e d  w i l l  be  w i t h i n  1 f t .  i n  r e l a t i o n  to t h e  f i r s t  o r d e r  U S C S S  
l c v r l  l i n e .  
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The Master Description and P o s i t i o n  cards, computations and a l l  
f i e l d  records arc retained i n  t h e  Americas D i v i s i o n .  

APPROVED: -W. L. NORRIS FRANK E. WILLIAMS 
Geodenist  
Americas D i v i s i o n  
Dept.  of Oeodeay 
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To mach the r ta t ion fhm tb int .naotion of 0.5. 
tiighway u0ami  State  HI-  in mv hmn, pr00.d 
e a r t  on State Highway 14: 3.35 'SIIU t o  tin main gate 
of Carad &ginner Depot; turn lof t \ (mrth)  and go thnr 
the  main gate 0.1'mlle t o  Plantation Road! t u rn  right - BLW 201 

----- eaet)  and go O.lOmiZe t o  Ibl- Avwnm; t u rn  left 7 north) on Dolawam A v a n w  a d  go 0.3'mlle t o  Virgin 
Road) turn right (ma t )  on 
t o  Uakb Road; turn left 

in Road rrd go 0.3'8Ile 
on bl- Road and go 0.1 1 1 0  t o  c o a l  t o m r  and rtation. 

The mark i o  located a p p r o x l m t e ~  4'iiler ( a i r l i t n )  ear t  of L v  h n n ,  Indiana, 
approxlmtely 0.5 'iilea (airlim) north of State  €&#IWB~ U', 3.2-f-t o a t h  of routh 
edge of the coal elevator ah-, 3.8-f-t mrth o f t h a  muth edge of the top of the 
coal t o m r  and 4.5'feet rou tbae t  of t)w southemf oormr of a t r ap  door. 

point obsermd is the  aenter of tha light rtandard on the top of the tank. 
Ashuth Mark: 'Ib center of t he  top of the Cum3 ~ i m e r  Depot -fer tank. The 
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The mark is a Corp of  Engineer disk set i n  t h e  
top  of a concrete monument set flush with the  ground 
and is stamped: ChSAD EAST AMs 19611 

To reach from the intersection of  U.S. Highway 24' AUSU, EAST 
and Sta te  Highway 14'in New Hevan, proceed eas t  on State 

Depot; turn left (north) and go thru  t h e  main gate 0.1' 
mile t o  Plantation Road; tu rn  r ight  (east)  and go 0.1'rdle 

Highway 14, 3.35'miles t o  the  main gate of  Cased Engineer 

t o  Delaware Avenue; turn left (north) on Delaware Avenue 

s ta t ion  s i t e  and station. 
and go 0.3'mlle t o  Virgin Road; tu rn  r igh t  (east)  on Virgin 

The mark is  located approximately 4'milee (a i r l ine)  eaet  of New Haven, Indiana, 
approximately 0.4'miles (a i r l ine)  north of State Highway 14; 219.86 feet east-south- 
eas t  of Cased RM 1, 138.'7 feet northvest of the  center l ine of  intersection of  gravel 
road and railroad, lO8.-5 feet north of the  north r a i l  of a railroad, @.'O feet north 
of  t h e  centerline of a gravel re&; U.8'feet southvest o f  t h e  southwest r a i l  c;f 8 

ra i l road and 8.2'feet west o f  a Lxl, inch witness post. 

Reference Mark 1 is a Cow of Engineer disk set i n  t h e  top  of  a concrete monument 
set flush with the  ground, and is stamped: 
feet south-southue:;t of s ta t ion  Cased Ehst, 78.8'feet southwest of  t h e  southwest rail 
of  a railroad, 36.2'feet north of  t h e  center l ine of a qravel road a d  2.6'feet north 
of a &L!+ inch witness poet. 

The point observed is the  center of t h e  l i g h t  standard on the top of  t h e  tank. 

CASAD EAST Aw AUs 1961.' It is 3L.42- 

The Azimuth Mark is the  center  of the  top o f  t h e  Gasad Epgineer Depot water tar&. 
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h [I:; 
The mark is a Corp of &@mer dirk set in tha top 

of a concrete monuppsnt ,et flush vith the Qmuad and ir 
stamped "CASAD, 1961": 

anst of New Havan: Indiana, approxlmtaly O.4'miJ.n 
north of State Highway I&; 266.7'f-t north of mesh 
r a i l  of the railroad, 212-reot mr th  o f t h e  centerLlm 

ACWO 

t The merk is located a p p m h t e l y  &'.ilea (airlim) -,-. A a S U R M  * 

$1 ~ O I 1 C O I . L  H E 4  

-of a gram1 road, 131.6'feot east of a hnea cormr, 
0 :  -----_ ----- - 

107.Yfeet south of south r a i l  of rallroad a d  8.3'f-t-' . 
east-aoutheart of a 4x4 d t m s s  post. RR. 

Reference Hark 1: A Corp of EngImr dirk r a t  i n  the top of a concrete monument 
set  fluah d t h  the ground a d  is stamped: It l a  219.86'foet 
east-aoutheast of station CASAD, 167.5'feet mr th  of the mrth r a i l  of a railmad, 
110.3 feet north of the centerline of a graml road, 126.0.f-t routh-southmst o f  
the south r a i l  of a railroad and 2.7'faet south of a 4x4 inch witness poet. 

CUB RH 1 M 1961: 

Rafelsnce Mark 2: A Corp of Engimer disk ret ln the top of a concrete monument 
set fluah with the g r o d  ami l a  rtaqed: 
scutli-soathuest of station Casad, 237.3'foet mrth of the north rail of a railroad, 
185.3'feet north of the centerlim of a graml  road, lU0.3'het south of the south 
r a i l  of a railmad, ll3.8'feat southerat of a feme cormr a d  3.2'feet eeat of a 

CASU IpI 2 &B 1961: It I s  37.25'foet 

f& inch witness p""t. 

Azimuth Mark: The center of the top of the Casad hgilreer Depot water tank. 
The point observed on is the center of the light standard on the top o? the tack. 

Haven: Proceed east on State Highway I4 3.35'nriles to  the main gate o f  Cased Engineer 
Depot; turn left  (north) and go thru t h e  main gate O.l%lle t o  Plantation Road; turn 
right (east) and go 0.1'mlle t o  Delaware Awnue; turn left (north) on Delaware Amnue 
and go 0.3 mile t o  Virgin Road; turn right (east) on Virgin&~;,~$goo,:'r?.$ t o  
aht ion  m i t e  a d  .t.tian- 

To reach from the Intersection of U.S. Highway 24'axd State Highway U i n  New 

:HTtaN*rlO@AL $@C*CROIO 1-m 
WwEs I l*UCM. 

LAT.  ~ * O ~ ' + + k J . " 9 / ~  - 
LOWS. 84. s ' ~ Q . > ~ R  -' 
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RECOMMENDED EARTH GRAVITATIONAL AND GEOMETRICAL 
CONSTANTS FOR TRACKING AND ORBIT COMPUTATION 

1. Gravitational 

a. Numerical values 

In the formula 
U = (GM/r) 1 - CnJn (ae/r)" Pn(sin+)  

where Pn(sin+)  is the Legendre polynomial and + is the geocentric latitude: 
20 3 2 c m  /sec GM 3.986032 (*O. 000030) x 10 

6 J2 = 1082.30 (*0.2) x 10- 

-6 J3 = -2.3 (*O. 1)  x 10 

J4 = -1.8 ( i 0 . 2 )  x 10 -6 

J~ = 0.0 (i < 1.0) x 

= 0.0 (* < 2.0) x 

n L 5 

m + 0. Jnm 
8 a = 6.378165 (*0.000025) x 10 c m  

b. Remarks 

The vaiues of GM, J2 and ae a r e  consistent with the values of 

geodetic parameters.  

f = 1/298.30 
2 ge = 978.030 cm/sec 

The values of ae, f,  ge a r e  those specified in the DOD World Geodetic 

System 1960 and a r e  he re  recommended for  sake of consistency. 

addition they a r e  close to the best  estimates for these parameters .  
Reasonable alternative values based on t e r r e s t r i a l  geodetic data (e. g . ,  

those in NASA Tech. Note D-702) differ by l e s s  than 20 me te r s  in ae, 

-001 cm/sec in ge, and 0.1 in l / f .  

Potsdam standard absolute gravity. 

In 

2 

The value of ge incorporates a correction of -. 013 cm/sec2 to the 

P Enclosure B to Minutes of the NASA Ear th  Model Meeting, May 4, 1961. 
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The values of J3 and J a r e  compromises between the values 4 
obtained by the principal investigators of satell i te orbits (l),  (2), (3), with 

greatest  weight to Kozai (3), and the given uncertainties a r e  based on the 

discrepancies between these results. 

investigators range f rom 1082.19 to 1082.79 x 

effect of the omitted J, on satellite positions is about *400m. o r  less 

The most  aerious diacrepancy in  determination of gravitational 
20 pa rame te r s  i n  between the GM from t e r r e s t r i a l  data, 3.986032 x 10 

cgs., and that based on the lunar mean motion and the r ada r  measu re -  
ment of the Moon's distance: 3.986141 (*O. 000040) x 10 cgs. This 

value depends on the Moonhar th  mass rat io  of 1/81.375 of Rabe (5); 
3.986048 is obtained f rom Delano's 1/81.219 (6). However, the stated 

uncertainty depends mainly on the uncertainties in the r ada r  measu re -  

ment and the lunar radius. 

The values of J2 by these same 
The magnitude of 

(4). 

20 

2. Geometrical  

a. Numerical values: 

F o r  atations connected to the principal geodetic control sys tem of 

the Western Hemisphere ( see  Fig. Bl), add the corrections listed to 

rectangular coordinates in the (u, v, w) sys tem (axes toward Lat.,  Long. : 

(Oo, Oo), (Oo, 90'E), (9O0N),respectively) on the stated conventional 

datums: 
Meters  

Au Av Aw 

NASA TN 702 - NAD -23 t142  +I96 

NASA TN 702 - SAD -303 +98 -31 5 
NASA TN 702 - SA0 SP 59 t 4  t299  t 1 5  

NASA TN 702 - Vanguard -12  t235  t120 

(r (NASA TN 702) * 2 6  *22 *22 

F o r  stations connected to the Europe -Africa -Siberia -India geodetic 

system: 

- 2 -  
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NASA TN 702 - ED 

NASA TN 702 - Indian 

NASA TN 702 - A r c  
NASA TN 702 - SA0 SP 59 

u (NASA TN 702) 
F o r  stations connected to 

system: 

NASA TN 702 - Tokyo 

NASA TN 702 - S A 0  SP 59 
u (NASA TN 702) 

Meters  
Au 

- 57 
t200 
-109 
-1 50 
23 

Av Aw 

-37 - 96 
t782 t27 1 
-70 -289 
-2 -33 

*29 *23 
rpan-Korea- k n c h u r i a  geodetic e 

Meters  

Au Av Aw 

-89 t551 t710 
-29 -209 -147 
*40 *53 *40 

F o r  stations connected to the Australian system: 

Au Av Aw 
NASA TN 702 - Sydney t198 t262 -21 
NASA TN 702 - SA0 SP 59 t149 -83 t116 
Estimated u (NASA TN 702) *7 5 *90 *3 5 

F o r  stations connected to the Argentine system: 

Au Av Aw 

NASA TN 702 - SA0 SP 59 -81 t131 t105 
(Argentine Datum - SA0 SP 59) 
Estimated u (NASA TN 702) *180 *160 *160 

F o r  stations not connected to any of the above principal geodetic 

systems, but which have a n  astronomical position o r  which a r e  connected 
to a local system, the geodetic latitude and longitude must  be assumed to 

be that of the astronomic position o r  local system, and the u, v, w, 

coordinates obtained by: 

u = ( V  t h) C O S +  C O S X  

v = (v t h) c o s +  sinX 
g 

2 w = [ ( l  - e ) v t h] s i n +  
g 

- 4 -  
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2 Where v = ae (1 - e' s in+  )-'I2, e = 2f - f , and h is the elevation 

above the ellipsoid. 

the height above the ellipsoid assumed to be identical with height above sea 

level, then the standard e r r o r  of position in the radial direction should be: 

I3 
If ae = 6378165 m. and f = 1/298.30 a r e  used, and 

u ( r )  = *45 mete r s  

If the geoid heights f r o m  NASA Tech Note 702 Fig. 2 o r  3 is added to 

the height above sea level, then there will be a slight improvement to about 

*35 meters.  

F o r  the horizontal coordinates at a station in a geophysically stable 

continental area:  

u(r+) = u(rXcos+) M k170 m e t e r s  

F o r  the horizontal coordinates from a single astronomic position on 

an  island o r  in a geophysically distur.bed a r e a  (mountains. etc. ): 

a(r+) = u(rXcos+) z *350 m e t e r s  

By using the mean position obtained by connecting astronomic 

observations on opposite sides of an island by t r ave r se  this may be 

improved to about: 

u(r+) = u(rXcos+) z *250 m e t e r s  

By using topographic isostatic corrections of the deflections of the 
vertical this m a y  be further improved to  about: 

fo r  a single station: u(r+) = u(rXcos+) 200 m e t e r s  

for  the mean f rom observations on opposite sides: 

u ( r )  = u(rX cos 4)  X *120 m e t e r s  

- 5 -  
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b. Remarks 

The world geodetic system identified by NASA TN 702 herein is, 
for  the principal Western Hemisphere, Europe, Siberia,  Africa, India, 

and Japan-Korea -Manchuria systems, that obtained in the same  general 

solution as the ellipsoid parameters,  gravitational coefficients, etc. , 
described in NASA Tech Note D 702 (7). This solution is recommended 

because i t  employs the most elaborate techniques and utilizes by far the 

most  data of all solutions based solely on unclassified data. The values 

recommended for Argentina and Australia a r e  based on the assumption of 

tangency at the geodetic datum"origina" of an  ae = 6378165 t No, 1/298.3 
ellipsoid. where N 

2 and 3 of NASA Tech Note D 702. 
is the geoid height at the datum origin given in Figs. 

0 

The Vanguard Datum w a s  based on the assumption of tangency to 

NAD at its origin (97'N, 263"E) of the Hough Ellipsoid: 

a = 6378270, f = 1/297.0 e 

The S A 0  SP 59 datum (8) is based on the assumption of tangency to 
the conventional datums, corrected by gravimetrically computed deflections 

of the vertical  (except in Argentina), of the International Ellipsoid: 

a = 6378388, f = 1/297.0 

The large differences from NASA TN 702 datum a r e  due mainly to this use 

of an obsolete ellipsoid, secondarily to the utilization of much l e s s  

observational data. 

Note that all datum shifts a r e  described as translations: there  a r e  

no rotations. 

is negligible. 

through "Laplace stations", at which astronomic azimuth and longitude a r e  

observed. 

F o r  properly observed geodetic sys tems the orientation e r r o r  

Orientation of geodetic sys tems is obtained f rom the s t a r s  

The standard e r r o r  for difference of position between two stations 

connected to the same geodetic control sys tem should always be l e s s  than 
i20 meters .  

The standard e r r o r s  f o r  astronomic positions in a continental a r e a  

a r e  based on autocovariance analysis of gravimetry (9). 
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The standard e r r o r  for astronomic positions on islands is based 

on a sample of 69 islands in the West Indies connected to the continental 

geodetic system by Hiran trilateration. 
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